INTRODUCTION
Cephalosporins can cause a range of hypersensitivity reactions from mild, cutaneous reactions to life-threatening anaphylaxis in patients with IgE-mediated allergy. [1] [2] [3] [4] [5] As the number of cephalosporin prescriptions has increased, the prevalence of immediate hypersensitivity reactions to cephalosporins also appears to be on the rise. 6 Allergic reactions to cephalosporins have been considered primarily in conjunction with penicillin allergy. However, cephalosporin allergy can occur to a specific cephalosporin, a group of cephalosporins, or as a cross-reaction to other β-lactam antibiotics. 3, [6] [7] [8] [9] [10] [11] [12] The estimated prevalence of hypersensitivity to cephalosporins is 1%-3% in the general population. 13, 14 However, a greater number of patients claim to be allergic to cephalosporins, and they are not treated with these medications due to the fear that they may be at risk of anaphylaxis. In a study by Lee et al. , 15 patients labeled as allergic to penicillin and/or cephalosporin were more likely to be treated with vancomycin or levofloxacin compared to patients without any antimicrobial allergy. Use of these alternative agents may contribute to the development and spread of multiple drug-resistant bacteria and leads to higher health care costs.
Unlike penicillins, degradation of cephalosporins creates multiple, unstable antigenic fragments that have yet to be fully identified. 8 In the absence of validated reagents for cephalosporin skin testing, physicians have used dilutions of native cephalosporins to detect the presence of specific IgE antibodies, which may result in a false-negative skin test. In addition, since cephalosporin skin tests are not standardized, there is the potential for false positives. Consequently, cephalosporin skin tests have a limited clinical value, often creating a diagnostic dilemma.
In this article, we discuss the immunogenicity and cross-reactivity of cephalosporin allergy and review the diagnosis and management of IgE-mediated hypersensitivity reactions to cephalosporins.
icillins, the β-lactam ring is attached to a thiazolidine ring, which together comprises the 6-amino-penicillanic acid nucleus. In cephalosporins, the β-lactam ring is attached to a dihydrothiazine ring, making a 7-amino-cephalosporanic acid nucleus. Both classes of drugs have an R1 side chain attached to the β-lactam ring and cephalosporins have an additional R2 side chain on the dihydrothiazine ring. The nature of the R group determines the drug's stability to enzymatic or acidic hydrolysis, and affects its antibacterial spectrum. Cephalosporins are grouped into five generations, largely on the basis of bacterial susceptibility patterns and resistance to β-lactamases. 7, 8, 16 Carbapenems are synthetic β-lactam antibiotics that differ from the penicillins in that the sulfur atom of the thiazolidine ring has been externalized and replaced by a carbon atom. As a result of this structure, carbapenems have the potential for cross-reactivity with penicillins, 17 but can resist hydrolysis by most β-lactamases. Monobactams are unique because the β-lactam ring is not attached to another ring structure.
Immunogenicity
Drugs that are most likely to cause an allergic reaction are those that combine covalently with proteins. 18 However, most antibiotics in their native state are not chemically reactive. To act as haptens, antibiotics must first be converted to reactive intermediates by an enzymatic metabolic reaction known as hepatic biotransformation phase I. 19 Hypersensitivity reactions occur when reactive drug intermediates bind to host proteins before phase II enzymes can bioinactivate the intermediate to non-reactive products. 19 Important exceptions to this mechanism are β-lactam antibiotics, which can cause hypersensitivity reactions without being metabolized enzymatically.
In penicillins, the condensed fusion of the β-lactam ring structure with a thiazolidine ring causes increased tension within the β-lactam ring, resulting in spontaneous opening of the ring under physiologic conditions. This allows the highly reactive carbonyl group to bind easily to the amino groups of lysine residues present on adjacent proteins, forming the highly stable conjugate protein, benzyl penicilloyl. [20] [21] [22] Benzyl penicilloyl comprises approximately 95% of cell-bound penicillin and is the major antigenic determinant. 23 Penicillin molecules that do not form penicilloyl linkages degrade to a variety of derivatives that are also capable of binding to host proteins. 24 Of these degradation products, three components--penicilloate, penilloate, and native penicillin itself--comprise all relevant allergenic determinants not covered by penicilloyl and collectively are called the minor antigenic determinants. Use of benzyl penicilloyl (Pre-Pen) alone identified ~80% of patients allergic to penicillin. 25 Native penicillin G is the most important commercially available minor determinant. In a large cooperative study of 3,000 patients sponsored by the American Academy of Allergy, only 3% of patients with a past history of allergy and negative skin tests to benzyl penicilloyl and penicillin G had a reaction when they were challenged with penicillin or derivatives. 26 Similarly, opening of the β-lactam ring of cephalosporins produces a protein conjugate, the cephalosporyl determinant. However, unlike penicillins, which preserve the thiazolidine ring upon degradation, the degradation process of cephalosporins involves destruction of the dihydrothiazine ring, as well as the β-lactam ring. Therefore, the cephalosporyl determinant is highly unstable and degrades further into multiple antigenic fragments as the dihydrothiazine ring ruptures. 8 This makes isolation and characterization of the different antigenic elements of cephalosporin difficult.
Although the exact antigenic determinants of cephalosporins are not well understood, there is evidence that cephalosporins generate unique structures capable of provoking IgE-mediated immunologic responses. Various in vitro studies have demonstrated that IgE antibodies reacting with cephalosporins can detect a wide range of specificities, ranging from a small moiety, such as a portion of a side chain, to a full side chain, a combination of a side chain and part of the β-lactam ring, or even the whole cephalosporin molecule. 9, 12, [27] [28] [29] The different singularities in the recognition of a cephalosporin molecule have also been demonstrated in clinical studies. 3, 6, 10, 11 Cross-reactivity
Cross-reactivity with penicillins
Retrospective studies prior to the 1980s reported that patients who had a history of penicillin allergy reacted to administration of a cephalosporin ~10% of the time. [30] [31] [32] [33] These reports tended to involve first-or second-generation cephalosporins and rely on history, not skin testing. The high rate of cross-reactivity in these studies was in contrast to a more recently reported risk of cephalosporin allergy of <1% in patients who had a past history of an immediate reaction to penicillins but did not undergo penicillin skin testing, 23 and ~2% in patients who had a past history and positive skin test result. 13, [34] [35] [36] Several facts should be 
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http://e-aair.org considered in the interpretation of these earlier studies. The high rate of cross-reactivity in these studies is likely due to the fact that some of the first-generation cephalosporins were contaminated with trace amounts of penicillin. 37 In addition, because drug-allergic patients may have an increased risk of developing allergic reactions to unrelated, non-cross-reacting compounds, 38 such reactions to cephalosporins in penicillin-allergic individuals may not reflect true cross-reactivity between the 2 classes of antibiotics. Furthermore, the major cephalosporins prescribed prior to the 1980s were cephalothin and cephaloridine, which have side chains similar to benzyl penicillin. 7 Cross-reactivity between first-generation cephalosporins and penicillins was demonstrated in a recent meta-analysis. 39 To summarize, a significant increase in allergic reactions to cephalothin (odds ratio [OR]=2.5; 95% confidence interval [CI]=1.1-5.5), cephaloridine (OR=8.7; 95% CI=5.9-12.8), cephalexin (OR=5.8; 95% CI=3.6-9.2), and all first-generation cephalosporins plus cefamandole (OR=4.8; 95% CI=3.7-6.2) were observed in penicillin allergic patients. However, cross-reactivity was negligible between penicillins and second-and third-generation cephalosporins.
Because cephalosporins and penicillins share a common β-lactam ring, one might expect that this structure is responsible for their cross-reactivity. However, most patients with immediate reactions to cephalosporins, and no history of reacting to penicillins, will tolerate penicillins, suggesting that side chains, rather than the β-lactam ring, play an important role in immunologic cross-reactivity. Consistent with this idea, there is experimental and clinical evidence that the R1 side chain shared by some penicillins and cephalosporins is the determining factor in their cross-reactivity. 40, 41 The aminopenicillins share the same R1 side chain as several first-and second-generation cephalosporins. For example, amoxicillin has the same side chain as cefadroxil, cefprozil, and cefatrizine; ampicillin has the same side chain as cefaclor, cephalexin, cephradine, cephaloglycin, and loracarbef. Miranda et al. 42 evaluated crossreactivity between amoxicillin and cephlosporins, specifically cefadroxil, which contains an identical side chain to that of amoxicillin, and cefamandole, which contains a different side chain to that of amoxicillin. Among 21 patients who had documented amoxicillin allergy but negative results to penicillin skin testing, 8 patients (38%) had a positive response to cefadroxil and none reacted to cefamandole. In addition, in vitro radioallergicsorbent (RAST) inhibition studies indicated the epitope implicated in this type of sensitization might be located on the side chain of the amoxicillin molecule. In a similar study, Sastre et al. 43 reported a lower rate of cross-reactivity with only 2 of 16 patients (12%) allergic to amoxicillin but tolerant to penicillin G exhibiting an immediate allergic reaction when challenged with cefadroxil, which shares an identical side-chain. In the case of ampicillin, Audicana et al. 40 reported that 31% of patients with ampicillin allergy reacted to cephalexin, which have identical R1 side chains. Taken together, a significant portion of patients, who proved to be selectively allergic to aminopenicillins and able to tolerate penicillins, reacted to cephalosporins which have an identical side chain to aminopenicillins. Therefore, patients with amoxicillin or ampicillin allergy should avoid cephalosporins with an identical side chain or receive them through induction of drug tolerance procedures. 44 Cross-reactivity has been reported to occur infrequently between penicillins and cephalosporins with different side chains. Blanca et al. 41 reported that 17 of 19 patients (89.4%) allergic to penicillins tolerated challenges to a therapeutic dose of cephaloridine and cefamandole, which have different side chains to penicillin. Moreover, Novalvos et al. 45 reported that all of 41 patients allergic to penicillins showed negative results to cephalosporin skin testing and tolerated challenges to a therapeutic dose of cephalosporins that contain a different side chain to the culprit penicillin. Their study indicates that, in penicillin-allergic subjects, the risk of an allergic reaction to cephalosporins seems to be very low, provided that cephalosporins with a different side chain to the culprit penicillin are used. A small moiety shared by cephalosporins and penicillins may be antigenically important. A population of IgE antibodies recognizing a methylene group present in both cephalothin and benzylpenicillin was identified in patient sera. 29 Positive skin tests to both benzylpenicillin and cephalothin were observed in such patients. Finally, a small percentage of patients with primary cephalosporin reactions may be sensitized to the β-lactam core that is common to both cephalosporins and penicillins. 46 
Cross-reactivity among cephalosporins
Side chains may be the most common source of cross-reactivity among cephalosporins (Tables 1, 2) . During cephalosporin degradation, the rupture of the dihydrothiazine ring leads to expulsion of the R2 group. Thus, the intact R1 group appears to be more important for the cross-reactivity of cephalosporins, compared to the lost R2 group. 5, 9, 22 Multiple case reports support these conclusions. 11, 47, 48 However, there is in vitro and clinical evidence that R2 side chains also contribute to the cross-reactivity among cephalosporins. 9, 28, 49 A small moiety also may play a role in cross-reactivity among cephalosporins. Some cephalosporins share the same moiety at the R1 side chain position. As examples, ceftriaxone, cefuroxime, cefotaxime, and cefepime each have a methoxyimino group within the R1 side chain and cross-reactivity was observed in patients allergic to these agents. 5 In contrast, ceftazidime has an R1 side chain that is slightly different from ceftriaxone, cefotaxime, cefepime, and cefuroxime. The R1 side chain of ceftazidime has an alkoxyimino group that has greater steric hindrance than the methoxyimino moiety, and so would not be expected to be recognized by the same IgE molecules. 50 Consistent with this idea, a previous study found a significant degree of cross-reactivity between cefotaxime and ceftriaxone (OR= 7.0, 95% CI=2-24), but not between these cephalosporins and ceftazidime. 5 However, it should be noted that some subjects experienced immediate hypersensitivity reactions to ceftazidime, as well as to cefotaxime and/or ceftriaxone.
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Cross-reactivity with other β-lactam antibiotics
Although aztreonam, a clinically available monobactam, contains a monocyclic β-lactam core, it has minimal to no cross-reactivity with penicillins. 16, 52, 53 However, aztreonam shares a side chain structure with ceftazidime, and clinical cross-reactivity has been reported between the 2 drugs. 52, 54, 55 Nevertheless, not all ceftazidime-allergic patients react to aztreonam, 56, 57 and vice versa. 58 Unlike aztreonam, carbapenems have a high incidence of cross-reactivity with penicillins. Of 20 subjects with positive skin tests to one or more penicillin determinants, 50% reacted to imipenem reagents. 17 However, clinical cross-reactivity between carbapenems and cephalosporins appears to be rare. In a study of 98 patients with a history of immediate reactions and positive skin test results to cephalosporins, only one patient was skin test-positive to carbapenems (meropenem and imipenem/cilastatin). 56 Of the 97 patients with negative skin tests to carbapenems, 96 tolerated graded challenges to carbapenems. The one remaining patient developed a mild urticaria 30 minutes after the full dose of carbapenems.
Selective hypersensitivity reactions
Cephalosporins cannot simply be considered a group of compounds with a common allergenic determinant structure. Sometimes, patients suffer an immediate hypersensitivity reaction to a certain cephalosporin only, with tolerance to other β-lactam antibiotics. There are cases of selective immediate hypersensitivity to cephalosporins, such as cefazolin, cefuroxime, ceftriaxone, cefixime, cefodizime, or cefepime, in which selective responses have been demonstrated by skin testing, IgE assay, and challenges with other β-lactams. 10, 51, [59] [60] [61] [62] The proposed mechanism is recognition by IgE antibodies of the entire cephalosporin molecule.
DIAGNOSIS OF CEPHALOSPORIN ALLERGY
Risk factors
Past history of penicillin or cephalosporin allergy is the most important risk factor for reacting to cephalosporins. Penicillin- allergic patients have a threefold increased risk of adverse reaction to any medication. 63 The risk of cephalosporin allergy has been reported to be ~2% in patients with a past history of immediate reactions and positive skin tests to penicillins. 13, [34] [35] [36] However, it should be emphasized that the majority of the reactions were cases of anaphylaxis, some of which were fatal. 64 Patients with a history of cephalosporin allergy are at increased risk of subsequent reaction to the same or related cephalosporins. 4, 6, 46, 51 In a previous study of 30 patients with immediate reactions to one or more of the third-generation cephalosporins, 26 patients (86.7%) had a positive skin test for cephalosporins with negative skin and RAST tests to penicillin determinants. Two patterns of cephalosporin allergy were observed: one characterized by a response only to the culprit cephalosporin (57.7%) and the other by positive responses to different cephalosporins, including the responsible cephalosporins (42.3%). 51 In a similar study, Antunez et al. 6 reported that 36.8% of patients with cephalosporin allergy reacted to another cephalosporin.
Patient history
A thorough history is an essential component of the evaluation of patients with suspected cephalosporin allergy. The history helps guide the clinician in the choice of diagnostic tests and the best therapeutic strategy. The most important aspects of a patient history are as follows: 1) name of the cephalosporin prescribed and exact structure of R-group side chains; 2) dose and route of the medication; 3) presenting symptoms and signs, and extent of organ system involvement; 4) timing of the reaction in relation to administration of the medication; 5) concurrent medications at the time of reactions; 6) past history of allergic reactions to other β-lactam antibiotics; 7) type of illness for which the antibiotic was prescribed; 8) any prior or subsequent history of exposure to the same drug or structurally similar drugs. However, even though history is helpful, it cannot reliably identify allergies to cephalosporins. This can be best accomplished by skin testing and, occasionally, a graded challenge.
Skin testing
A positive skin test result to a cephalosporin suggests that drug-specific IgE antibodies may be present. However, since cephalosporin skin tests are not standardized, there is the potential for false-positive tests from non-specific irritant reactions. To avoid this possibility, the highest concentration of a drug that would not elicit an irritant skin reaction in subjects without drug allergy should be established for each drug. Empedrad et al. 65 reported a concentration of 10 mg/mL ceftriaxone, cefotaxime, cefuroxime, and ceftazidime and a concentration of 33 mg/mL cefazolin was non-irritating to the skin of subjects with no history of drug allergy. In a recent position paper, the ENDA/EAACI Drug Allergy Interest Group recommended a concentration of 2 mg/mL for cephalosporin skin tests. 66 However, several studies indicate that for cefuroxime, ceftriaxone, cefotaxime, ceftazidime, cefazolin, cephalexin, cefaclor and cefatrizine, concentrations up to 20 mg/mL are non-irritant and might improve sensitivity without affecting specificity. 67, 68 Cephalosporin skin testing is usually performed by skin prick testing followed by intradermal testing using the native drug, diluted in normal saline, at non-irritating concentrations. For patients with a history of severe anaphylaxis to a cephalosporin, solutions for initial skin testing can be diluted 10-to 1,000-fold further to reduce the risk of inducing a systemic reaction. A positive skin test to a cephalosporin may be defined as a wheal >3 mm in diameter for prick and >5 mm for intradermal testing, with surrounding erythema that develops in 10-15 minutes. 46 , 69 Romano et al. 47 found that a concentration of 2 mg/mL injectable cephalosporins, mixed in normal saline, was non-irritating to the skin. In a subsequent study, they confirmed cephalosporin allergy in 29 of 30 patients with a history of immediate hypersensitivity to cephalosporins, suggesting that skin testing at such a concentration is a sensitive tool for cephalosporin allergy. 51 Although skin testing with diluted solutions of cephalosporins can be valuable in confirming IgE-mediated hypersensitivity to cephalosporins, its limitations must be considered. The sensitivity of cephalosporin skin testing has been estimated in three European studies of children and/or adults. 6, 46, 70 In those studies, skin testing was positive in 72% (31/43), 31% (39/127), and 70% (53/76) of patients with immediate reactions to cephalosporins, respectively. Further studies are needed to fully establish the sensitivity of cephalosporin skin testing. In addition, the positive predictive value of skin testing has not been precisely defined, because this would require administering the drug to large numbers of skin test-positive patients to confirm their reactivity. Furthermore, the negative predictive value of cephalosporin skin testing has not been established. If prick and intradermal test responses are negative, it suggests that the patient does not have specific IgE antibodies to the cephalosporin in its native state, although the patient could still have IgE antibodies against a degradation product-protein complex. Therefore, a negative result should not be interpreted as proof that allergy is not present. As an example, in a study of adults with immediate reactions to cephalosporins, 8 of 13 patients with negative skin tests agreed to undergo challenges with the suspect drug, and 2 patients (25%) reacted. 46 This is in contrast to the negative predictive value of penicillin skin tests, which has been reported to be 97%-99%. 71, 72 Recently, Yoon et al. 73 investigated the validity of skin tests for predicting immediate hypersensitivity to cephalosporins in subjects with no history of allergy to β-lactam antibiotics. Intradermal skin tests were performed with four cephalosporins, one selected from each generation of cephalosporins, as well as penicillin G, in 1,421 patients who required a preoperative antibiotic. Irrespective of the skin test results, each patient received an intravenous challenge dose of one of the tested cephalospo-rins with careful observation. Seventy-four patients (5.2%) were skin test-positive to at least one cephalosporin, and none of them displayed immediate hypersensitivity to the challenge, while four of the patients who had negative skin tests developed an immediate hypersensitivity reaction. These results indicate that, in patients with no history of β-lactam allergy, skin testing with cephalosporins before its administration is not useful for predicting immediate hypersensitivity. When evaluating patients with immediate cephalosporin reactions, the following reagents should be included in the skintesting panel: the cephalosporin that caused the reaction, one or more alternative cephalosporins with different R groups from the culprit drug, and the penicillin reagents, ampicillin (20 mg/mL) and amoxicillin (20 mg/mL). The classic penicillin reagents include penicilloyl-polylysine (Pre-Pen, 5×10 -5 mM) and the minor determinant mixtures (MDM, 2×10 -2 mM). 66 Native penicillin G is the only minor determinant that is commercially available and can be used for skin testing at a concentration of 10,000 U/mL.
In vitro tests Serum-specific IgE assays
Two techniques, radioimmunoassay (RIA) and fluoroenzymeimmunoassay (FEIA), have been used in research studies to detect specific IgE antibodies to a limited number of β-lactam antibiotics. 74 Sensitivity and specificity of assays for the penicillin-specific IgE were reported to be 29%-68% and 97%-100%, respectively. [27] [28] [29] 41, 46, 51, 75 However, studies of the other β-lactams, including cephalosporins are limited. The sensitivity of the cephalosporin-specific IgE assay has been reported to be 30% and 74.3%, respectively, in 2 clinical studies of patients who had a history of immediate reactions to cephalosporins. 46, 51 Fontaine et al. 75 investigated the diagnostic value of specific IgE determination in the diagnosis of immediate β-lactam allergy. 75 The specificity of FEIA ranged from 83.3%-100% and sensitivity from 0%-25% depending on the initial clinical manifestations. The specificity of RAST was between 66.7%-83.3% and sensitivity between 42.9%-75%. In the subgroup of patients with anaphylactic shock and negative skin tests, the sensitivity and specificity of RAST were 75% and positive and negative predictive values were 45.5% and 77.1% with FEIA and 38.5% and 81.5% with RAST, respectively. 75 Their study suggested that, owing to high specificity, serum-specific IgE assays may be useful to avoid a drug provocation test in the patients with a history of β-lactam anaphylaxis and negative skin tests.
In the case of penicillins, IgE titer can be decreased below the cut-off value over time and sensitivity can be reduced more rapidly than skin tests. 76 However, the phenomenon is not as well documented in cephalosporin allergy as it is in penicillin allergy, and the rate of loss of sensitization is not known. 77, 78 Additionally, a test result could be falsely positive if patients have high total IgE titers and it could be falsely negative if patients have high IgG antibody levels. 79 Furthermore, the amount of specific IgE may not reflect the severity of clinical reactions. 79 At present, an IgE immunoassay is commercially available to benzyl penicillin, phenoxymethyl penicillin, ampicillin, amoxicillin, and cefaclor (ImmunoCAP, ThermoFisher, Uppsala, Sweden). 5 
Basophil activation test
The basophil activation test (BAT) is a quantitative measurement of the cell surface protein, CD63, on activated basophils by flow cytometry after stimulation with culprit drugs in vitro. 80, 81 CD203c is another basophil activation marker recently shown to be a more sensitive marker of basophil activation than CD63 for the diagnosis of amoxicillin allergy. 82 BAT has proven to be a sensitive and specific for the diagnosis of several IgE-mediated allergies. 83, 84 However, basophil activation by drugs is less remarkable than protein allergens. The sensitivity and specificity of BAT in patients with β-lactam allergy have been reported to be 50%-60% and >90%, respectively. 81, 85, 86 However, data concerning its sensitivity and specificity are lacking. Further studies are needed before it can be employed as a diagnostic tool.
RECOMMENDATIONS FOR THE MANAGEMENT OF CEPHALOSPORIN ALLERGY
Use of cephalosporins in penicillin-allergic patients
Penicillin is a class of antibiotics with a relatively high frequency of allergy, reported to be 10%. However, 90% of patients with a history of penicillin allergy have negative results in penicillin skin testing. 71, 72 This observation is due in part to the fact that penicillin-specific IgE antibody levels decrease over time. 87 In addition, many patients were probably mislabeled as being allergic at the time of their reaction because clinical features of an underlying illness can be confused for a penicillin-induced reaction.
Penicillin skin testing can help guide physicians in their approach to patients with a history of penicillin allergy that requires treatment with cephalosporins (Fig. 2) . Patients who have negative results in penicillin skin testing are at no greater risk of an allergic reaction and can safely receive cephalosporins. 4 This group may include the vast majority of individuals labeled penicillin allergic. 71, 72 On the other hand, administration of cephalosporins to patients who have positive results in penicillin skin testing should be approached more cautiously. If possible, such patients should be skin-tested with a non-irritating concentration of the cephalosporin before treatment. 34 Patients who have positive results in cephalosporin skin testing should be either not treated with the cephalosporin or desensitized if alternative drugs are not available. 7 Because the negative predictive value of cephalosporin skin testing is not known, the cephalosporin should be administrated by a graded challenge in patients who showed positive results to penicillin and AAIR http://e-aair.org negative results to cephalosporin in skin testing. 4, 7 When patients with a history of penicillin allergy are given a cephalosporin directly without penicillin skin testing, the chance of reacting to the cephalosporin is <1%. 7, 23 However, since cases of fatal anaphylaxis have been reported following cephalosporin administration, a graded challenge should be strongly considered.
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Use of penicillins in cephalosporin-allergic patients
Most patients with immediate reactions to cephalosporins and no history of reacting to penicillins, will tolerate penicillins. However, some patients react to both groups of drugs. Therefore, skin testing with the penicillin reagent is indicated in such patients to guide management (Fig. 3) . 90 Negative results in penicillin skin testing indicate that the patient's reaction to the cephalosporin was probably due to a unique cephalosporin determinant. Therefore, the patient is not at increased risk for reacting to a penicillin, provided that the penicillin does not share a side chain with the culprit cephalosporin. 6 Positive results indicate that the patient may be reactive to the β-lactam core structure or side chains that are shared by the penicillin and the culprit cephalosporin. The patient may be treated with a non-β-lactam antibiotic or desensitized to the desired penicillin. If penicillin skin testing is not available, it is advisable to select a penicillin that does not have a similar side chain to that of the culprit cephalosporin, and to perform skin testing with that penicillin in its native form. If the results are negative, the patient may be treated with a graded challenge to the penicillin.
Use of cephalosporins in cephalosporin-allergic patients
In patients allergic to cephalosporins, skin testing should be performed with one or more desired cephalosporins that have a different side chain, especially in the R1 position, from the culprit one (Fig. 4) . If the results are positive, the patient should be assumed to be allergic to the desired cephalosporin and it should only be administered using a desensitization protocol. If the results are negative, then the desired cephalosporin can be administered by a graded challenge. 3 Rarely, a patient may require the same cephalosporin to which there is evidence of IgEmediated allergy. A formal desensitization protocol should be performed in this situation.
Graded challenge and desensitization
When there is a definite medical indication for the cephalosporin in question, either a graded challenge or desensitization procedures may be considered. The choice of procedures depends on the likelihood of allergy at the time. A graded challenge is more appropriate for a patient who is unlikely to be allergic to the implicated drug, whereas desensitization should be considered in a patient who is likely to be allergic to the implicated drug.
Graded challenge (Test dosing)
A graded challenge is perhaps the most reliable in vivo test to prove or disprove unequivocally whether an antibiotic allergy exists. The challenge procedure does not modify a patient's response to a drug, so patients who tolerate it prove that they are not allergic. The most common reason for performing a graded challenge is to confirm that a patient can safely receive an alter- 3 . Use of penicillin in patients with cephalosporin allergy. Penicillin skin testing should include both major (Pre-Pen) and minor determinant reagents (MDM). When these reagents are not available, it is advisable to select a penicillin that have a dissimilar side chain to the culprit cephalosporin, and skin testing with that penicillin in its native form. If the results are negative, the patient may be treated with a graded challenge to the penicillin. native cephalosporin, other than the culprit drug, to which the patient is skin-test negative. A graded challenge may also be useful in the penicillin-allergic patients requiring a cephalosporin who showed a negative result in cephalosporin skin testing.
In the case of immediate reactions to β-lactam antibiotics, negative skin test results should be interpreted in light of the time elapsed since the subject's last exposure to the drug. Skin testing with cephalosporins is more likely to be positive the less time has elapsed since the IgE-mediated hypersensitivity reaction. 36, 46, 70 Therefore, it is advisable to perform challenges with the suspect cephalosporin in subjects with a past history of cephalosporin allergy who have negative skin test results when evaluated more than 6 months after their last reaction. It should be noted that resensitization has been observed in a few patients retested about 1 month after either a negative or positive challenge. 36, 46, 70 As a result, it is recommended to retest such patients after 1 month to exclude a possible resensitization after loss of sensitivity. 46, 91, 92 Provocation testing with the implicated cephalosporin can be conducted according to the recommendation of both the American and European guidelines. 23, 93 A graded challenge typically involves 2 or 3 steps. The starting dose for a graded challenge is usually 1/100 of the full dose, and 10-fold increasing doses are administered every 30 to 60 minutes until the full therapeutic dose is reached. 23 A lower starting dose should be used in patients with a history of severe reactions. A graded challenge can be dangerous and resuscitative equipment and well-trained physicians must be in attendance throughout the procedure. Patients, who develop symptoms consistent with an IgE-mediated reaction during the graded challenge, should not receive further drug. The drug should be avoided or administered via desensitization.
Desensitization (Induction of drug tolerance)
Desensitization is defined as the conversion of a patient with a drug allergy from a highly sensitive state to a clinically tolerable state. 94 The procedure temporarily modifies a patient's response to a drug, allowing safe treatment. Tolerance is maintained only as long as the patient continues to take the specific drug. In most instances, the patient will remain desensitized for a minimum of 24 to 48 hours, so missing a single dose does not usually necessitate to repeat desensitization. If the drug is discontinued longer, additional desensitization will be needed. 7, 16 Desensitization is performed by the cautious administration of incremental doses of the drug to the patient. A typical starting dose is often 1/10,000th of the final dose or twice the dose used in the skin testing, 44 followed by doubling of previous dose at regular intervals until the final therapeutic dose is achieved. The length of the procedure depends on the drug and route of administration. The procedure should be performed by an allergist in a closely monitored setting.
Desensitization can be implemented in patients with known or presumed IgE antibodies to a particular drug when no alternative drug is available. Specifically, a desensitization protocol should be performed in a cephalosporin-allergic patient requiring the culprit or another cephalosporin to which there is evidence of IgE-mediated allergy. Cephalosporin desensitization should also be considered in a skin test-positive, penicillinallergic patient requiring a cephalosporin to which the patient is skin test-positive. Similarly, penicillin desensitization should be considered in a cephalosporin-allergic patient requiring a penicillin to which the patient is skin-test positive.
In the past, drug desensitization was considered an approach to the acute management of IgE sensitivity only. However, modified forms of desensitization can be used to manage drug-induced reactions that are thought to be immunologic in nature but that are not IgE-mediated. A more prolonged, slow type of desensitization has been reported to be successful in AIDS patients with drug allergy. 95 This procedure is performed over several days. The term induction of drug tolerance encompasses both IgE-mediated desensitization, as well as non-IgE-mediated mechanisms, and has replaced the term drug desensitization. 23 Both graded challenge and induction of drug tolerance are contraindicated in patients with a suspected history of StevensJohnson syndrome, toxic epidermal necrolysis, or exfoliated dermatitis, because even small doses of the drug may induce potentially fatal recurrent desquamative reactions. Also, neither procedure should be attempted in patients with a history of severe non-IgE-mediated, immunologic reactions, such as serum sickness reactions, nephritis, hepatitis, or hemolytic anemia.
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CONCLUSION
The allergenic determinants of cephalosporins have not been fully elucidated, and the positive and negative predictive values of cephalosporin skin testing have not been fully established. Therefore, cephalosporin skin testing is not as well validated as penicillin skin testing. Despite these limitations, skin testing to penicillin and to the cephalosporin in question assists in selection of the appropriate management strategy. A positive skin test to the cephalosporin in question suggests the possible presence of drug-specific IgE antibodies, and thus, avoidance of the cephalosporin or induction of drug tolerance would be recommended if no alternative drugs were available. On the other hand, a negative cephalosporin skin test should not be interpreted as proof that an allergy is not present. In this instance, performing a graded challenge to the cephalosporin in question would be advisable; otherwise an alternative cephalosporin that has a dissimilar side chain should be considered.
